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Abstract—In this paper a concept of hybrid Bluetooth Low
Energy (BLE) – Ultra-wideband (UWB) positioning system is
presented. The system is intended to be energy efficient. Low
energy BLE unit is used as a primary source of measurement
data and for most of the time localization is calculated based on
received signal strength (RSS). UWB technology is used less often.
Time difference of arrival (TDOA) values measured with UWB
radios are periodically used to improve RSS based localization.
The paper contains a description of proposed hybrid positioning
algorithm. Results of simulations and experiments confirming
algorithm’s efficiency are also included.

Index Terms—localization, UWB, BLE, Kalman Filter

I. INTRODUCTION

In recent years the demand for indoor location based
services (LBS) has been rising. Currently a lot of different
applications can be found. They range from professional solu-
tions in factories to localize machines and personnel to more
casual ones like location based museum guides or positioning
systems intended for home use. Most of these services demand
accurate location information, which is not easy to obtain in
indoor environments. Therefore a lot of different techniques
has been considered to supply the user with effective and
reliable systems. One of them is hybrid localization.

In hybrid positioning, object localization is computed based
on different type of measurement data obtained from one or
few separate systems. One of the most popular hybrid systems
combine inertial measurement units (IMU) with conventional
radio e.g. ultra-wideband (UWB) localization systems. In these
solutions data from IMU are usually used to supply the user
with localization in places, where accurate positioning based
solely on radio signals is hard or impossible [1].

Another approach to hybrid localization is the use of al-
gorithms combining measurement results of different signal
parameters for example time difference of arrival (TDOA)
with received signal strength (RSS). In [2] a hybrid Extended
Kalman Filter based algorithm for UWB positioning system
is proposed. In that implementation RSS results are used to
identify non-line of sight (NLOS) conditions and correct the
localization results obtained using TDOA. Similar solution is
presented in [3]. Such approach has been also investigated for
other signals e.g. WCDMA [4] or Wi-Fi [5].

Solutions, in which combined data are obtained using dif-
ferent radio technologies are less popular. In [6] an EKF based
algorithm combining ranging results obtained with both UWB

and ZigBee modules is presented. Particle filter presented in
[7] combines foot mounted inertial, Bluetooth low energy
(BLE) and UWB technologies with map matching into an
indoor navigation system. Both referenced papers proved that
combining accurate UWB based distance measurements with
narrowband RSS results allows to improve system accuracy.
In systems presented in those papers, UWB based results are
supplied to the algorithm at the same rate as results obtained
with BLE or ZigBee. In this paper a slightly different approach
is proposed.

In the paper a concept of energy efficient BLE-UWB hybrid
positioning system is presented. In the system localization
is calculated with Extended Kalman Filter based algorithm,
which combines RSS obtained with BLE technology with
TDOAs measured using UWB radio units. Due to its lower
energy consumption BLE unit is used more often than its
UWB counterpart. Therefore for most of the time localization
is calculated based on solely RSS results. TDOA results are
obtained less often and are used to periodically improve RSS
based localization. Such approach allows to maintain both high
location update rate, high accuracy and is energy efficient,
which might be crucial in many mobile applications.

The proposed system concept is described in section II.
Extended Kalman Filter based hybrid algorithm is presented in
section III. Sections III and IV include the results of conducted
simulations and experiments. Section V concludes the paper.

II. SYSTEM ARCHITECTURE

Architecture of the proposed hybrid localization system is
presented in Fig.1. The system consists of a localized device
(tag), system infrastructure and a system controller.

Tag localization is calculated based on RSS and TDOA
measurements conducted by the system infrastructure. The
system infrastructure comprises two types of anchor nodes:
BLE anchors and UWB anchors. In the given example, they
are separate devices but integrated solutions can be used as
well.

The tag is a low-energy device equipped with BLE and
UWB radio modules and additional motion sensors (e.g.
accelerometer). It periodically sends BLE and UWB packets.
Bluetooth packets are broadcasted in the advertising channel
up to 10 times per second. They are used to conduct power
measurements and act as data carriers for the results obtained
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Fig. 1. Hybrid localization system architecture

with tag motion sensors. Ultra-wideband packets, used for time
measurements are sent less often than Bluetooth packets (up to
2 times per second). Such approach allows to lower tags power
consumption. Reception times of those packets are registered
by UWB anchors and are used to calculate TDOA values.

Measured UWB reception times, BLE signal power levels
and sensors measurement results are sent to the system con-
troller. There measurement data are processed, TDOA values
are derived and current tag position is calculated.

III. LOCALIZATION ALGORITHM

The proposed localization algorithm is based on Extended
Kalman Filter (EKF) [8] and fuses RSS measurement results
with measured TDOA values. In the algorithm, localized tag is
treated as a dynamic system, which state at the given moment
k is described by a state vector xk containing tag location
coordinates x, y and its velocity components vx, vy .

xk =
[
x y vx vy

]
(1)

A single EKF iteration consists of two phases: time-update
and measurement update. In time-update phase current value
of state vector is predicted based on the value obtained in the
previous iteration and equations of motion. Time-update phase
is described with the following equations:

x̂k(−) = Fx̂k−1(+) (2)

Pk(−) = FPk−1(+)F
T +Qk (3)

where x̂k(−) is predicted state vector value, x̂k−1(+) is state
vector value obtained in the previous EKF iteration, Pk(−)

and Pk−1(+) are state covariance matrices of these values, F
is state transition matrix containing motion equations and Qk

is a process noise covariance matrix. In this implementation
discrete white noise acceleration (DWNA) kinematic model
was chosen. According to this model the localized object,
between the analyzed moments, moves with constant speed
and object acceleration is treated as process noise. Covariance
matrix Q for this model is described in [9].

The predicted state vector value is updated with measure-
ment results in measurement-update phase. In the proposed

algorithm RSS and TDOA results are used. Measurement
update phase is described with the set of following equations.

Kk = Pk(−)H
T
k

(
HkPk(−)H

T
k +Rk

)−1
(4)

x̂k(+) = x̂k(−) +Kk

(
zk − hk(x̂k(−))

)
(5)

Pk(+) =
(
I −KkH

T
k

)
Pk(−) (6)

zk =
[
RSS1 · · · RSSn T1 · · · Tm

]
(7)

hk(xk) = [RSS1(xk) · · · RSSn(xk)

T1(xk) · · · Tm(xk)]
(8)

where zk is measurement vector containing RSS (RSSn) and
TDOA (Tm) measurement results, hk(xk) is measurement
function used to calculate measurement values which would be
obtained for the predicted tag localization, Hk is a linearization
of that function, Kk is Kalman gain and Rk is measurement
covariance matrix.

The length of measurement vector zk and the form of
measurement function hk are not constant, because they de-
pend on number of results, which were provided by system
infrastructure. Measurement rate of RSS in the proposed
system is higher than measurement rate of TDOA. Therefore,
most of the time zk contains only power measurements. To
calculate predicted RSS values log-distance path loss model is
used. According to this model received signal power measured
by the anchor can be expressed as

RSSn(xk) = RSS0 − 10γ log10
d(xk)

d0
(9)

where RSSn is signal power received by the anchor n, d is
the distance between the anchor and predicted tag localization,
RSS0 is received power at the reference distance from the tag
d0 and γ is path-loss exponent.

The presented algorithm allows to localize tag in two
dimensions, but it can be easily extended to handle three
dimensional problems.

IV. SIMULATIONS

The proposed localization system was simulated in Matlab
environment. The main goal of the simulation was to verify
the system concept and algorithm effectiveness. The tests
were conducted in a simulated system consisting of four BLE
anchors and four UWB anchors placed on a walls of a large
room. During the tests localization of a moving person was
analyzed.

Measurements conducted by the system infrastructure were
simulated in the following way. Received signal strength
of Bluetooth signal was calculated using log-distance path
loss model (9). The reference distance d0 was set to 1 m.
Power received by an anchor at the reference distance equaled
40 dBm. The path-loss exponent of 1.9 was assumed, which
is a value typical for indoor LOS conditions [10]. Shadowing
effects which may occur in the indoor environments were
taken into account by adding random zero-mean Gaussian
variable with standard deviation equal 3 dB. In the simulation
it was assumed that RSS measurement rate equals 10 Hz.



Time difference of arrival measurement results were derived
by calculating the propagation time between the moving tag
and UWB anchors and subtracting them from one another. The
uncertainty of time measurements conducted by the anchors
was simulated by adding to propagation times a zero mean
Gaussian variable with standard deviation of 0.2ns. During the
simulation stage, the effect of TDOA measurements rate on
algorithm accuracy was examined. Time Difference of Arrival
results were generated with different rates ranging from 1/4 to
10 Hz.

In the simulations, the localized person was moving along
a trajectory consisting of straight lines. It was assumed that
the person was moving with a speed of 1.4 m/s.

Tag localization was calculated using three different al-
gorithms: EKF using only TDOA results, EKF using only
RSS results and the algorithm proposed in the paper, which
utilized both RSS and TDOA values. Exemplary localization
results for TDOA update rate equal to 0.5 Hz are presented in
Fig.2. Empirical cumulative distributive function curves (CDF)
of trajectory error defined as the distance between localized
points and the real trajectory are presented in Fig.3.

Algorithm using TDOA measurement results is accurate
but due to its relatively low update rate, it does not allow
to precisely recreate persons movement trajectory. In case of
EKF using solely RSS measurements, the obtained results are
less accurate but thanks to their higher update rate it is possible
to retrieve more trajectory details.

The use of both RSS and TDOA measurement results allows
to reproduce the trajectory more accurately. The additional
periodic use of more accurate TDOA results allows to reduce
negative effects caused by shadowing effects. In case of using
RSS results more than half of the results are located further
than 26 cm from the trajectory. In case of the novel algorithm
(TDOA rate 0.5 Hz) median error is lower and equals 18 cm.

The accuracy of presented algorithm depends on how often
TDOA results are used. System accuracy rises with TDOA
update rate. In case of highest update rate 50% results are
closer than 5 cm to the trajectory. Lowering measurement
rate degrades the results. For update rates of 1/4 Hz or
lower the algorithm does not significantly improve trajectory
reproduction.

V. EXPERIMENTS

The presented system concept was tested experimentally.
The experiments were conducted in a fully furnished apart-
ment.

Time difference of arrival measurements were made using
DW1000 [11] based UWB localization system. The system
infrastructure comprised six anchors which were placed in
different rooms. The maximum TDOA measurement rate
possible in that system was 0.16 s.

Bluetooth power levels were measured using a set of
two Texas Instruments BLE evaluation boards. Multi-standard
CC2650 LaunchPad [12] was used as a transmitter, which
was set to beacon mode and transmitted 10 BLE packets per
second. The transmission took place in one of the advertising
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Fig. 2. Simulation results. RSS rate = 10 Hz, TDOA rate = 0.5 Hz
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Fig. 3. Empirical CDF of trajectory error for different TDOA rates

channels. RSS measurements were made with CC2540 USB
Evaluation Kit [13]. It allows to measure RSS with a resolution
of 1 dB. The reported power measured at 1 m reference
distance equaled -38 dBm. Path-loss exponent value of 3.3
was assumed. This value is a typical value for NLOS channels
at 2.4 GHz frequency [10].

During the experimental phase, a person moving along
predefined trajectory was localized. Persons localization was
calculated using two algorithms: EKF using solely RSS results
and the algorithm proposed in the paper. Exemplary localiza-
tion results for TDOA update rate equal 0.5 Hz are presented
in Fig.4. The empirical CDF curves of trajectory errors for
different TDOA update rates are presented in Fig.5.

Localization results calculated based on RSS results only are
not very accurate. About 50% percent of the obtained results
are further than 35 cm from the real trajectory. Using both
TDOA and RSS results allows to recreate movement trajectory
with higher accuracy. Just like in the simulations the level of
accuracy improvement depends on TDOA measurement rate.
In case when TDOA is measured with 5 Hz rate median of
trajectory error has the value around 11 cm. For the TDOA
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update rate equal 0.5 Hz (Fig.5), median value is around
24 cm, which is 11 cm lower than for RSS only based
localization.

VI. CONCLUSIONS

In the paper a concept of an energy efficient, hybrid BLE
UWB localization system is presented.

The proposed positioning algorithm, based on Extended
Kalman Filter, fuses RSS of Bluetooth Low Energy signals
with TDOAs obtained for UWB signals. Both signals are
periodically sent by the tag, but UWB signal rate is much
lower.

The simulations and experiments were carried out to verify
system concept and positioning algorithm efficiency. Obtained
test results confirm that combining both RSS and TDOA mea-
surement results leads to positioning accuracy improvement.

The quality of movement trajectory reproduction rises with
TDOA measurement rate.

The energy consumption of current UWB transceivers is
much higher than BLE modules. The proposed solution by
limiting UWB transmitter activity lowers energy requirements,
but still preserves positioning accuracy. In a real system
implementation TDOA measurement rate can be adapted to
the tag mobility. Fast movements detected with accelerometer
can trigger more frequent TDOA measurements.
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